Introduction: Brazilian spotted fever (BSF), a lethal tick-borne Rickettsioses (2000 -2018 >600 human deaths) involving synanthropic capybara as host. Methods: We introduced an alternative to mitigate human-capybara conflicts and epidemiologic concerns of BSF. Complex aspects like transmission dynamics, risk areas, host mobility, and birth rate control, were considered to develop a prevention strategy using an anti-GnRH vaccine. Results: The propositioned immunocontraceptive potentially remove and prevent the spread of BSF from endemic areas. Conclusions: We propose the anti-GnRH vaccine as a BSF prevention strategy based on these favorable results.
In this study, we addressed the fundamental issue pertaining to the prevention of BSF in humans, while considering the dynamics between the vertebrate hosts and ticks, and the environmental and anthropogenic conditions 1, 2 .
In São Paulo, one of the primary tick vectors for BSF is Amblyomma sculptum, a species of three-host parasite. During any growth stage, ticks can either become infected or infect the host via three different routes (Figure 1) : by horizontal transmission, where the pathogen is transmitted to the tick by feeding on an infected host's blood containing sufficient bacteremia; by vertical transmission, where the pathogen is transmitted from an adult female tick to her eggs; and through transstadial transmission, where the pathogen is maintained during the molting passages (egg to larva); however, some routes are much less effective in sustaining the pathogens. Humans, if infected by a pathogen-carrying tick, are considered accidental, dead-end hosts and do not play a role in maintaining the bacterium in the ecosystem 3 . Due to anthropogenic activities and subsequently diminishing natural habitats, wildlife species will either become extinct or be driven into human habitats, where various species are capable of quick adaptation to the urban and agricultural areas. Currently, as synanthropic pests, they provoke numerous human-wildlife conflicts by devastating crops and cause epidemiological threats, such as the aforementioned BSF 4 .
Capybaras (Hydrochoerus hydrochaeris), the world's largest rodent, are considered as potentially amplifying hosts for R. rickettsii, as they fulfill all the following necessary criteria: i) the potential host species must be abundant in the endemic area; ii) be a good host for ticks; iii) be susceptible to Rickettsia infection; iv) be highly proliferative, ensuring the introduction of susceptible animals; and v) have enough bacteremia to infect feeding ticks 5, 6 . In Brazil, reduction in the natural predators, mainly in areas of anthropological impacts, and abundant water and food sources, largely due to agricultural activities, provide favorable conditions for this highly proliferative species to turn into superpopulations 4, 5 .
Thus, to plan an effective BSF control strategy, several complex aspects should be emphasized: i) the modeling and understanding of the effects and contributions of capybaras and ticks in maintaining BSF transmission, including the associated effects of inter-and intra-species transmissions, births, and deaths; ii) defining the important reproductive parameters (e.g., basic reproduction number R 0 ) 1, 4 , and calculating the speed of dissemination; iii) describing the spatial relationships between BSF in human cases, environmental/anthropogenic conditions, and host mobility effects on BSF transmission and therefore, comprehending/predicting risk zones of BSF; and iv) determining an adequate and species-specific population control strategy, focusing on the most important species in the maintenance and propagation of BSF.
Population control methods must be strategically employed to act as an effective BSF transmission management tool. As suggested by a transmission dynamic model of R. rickettsii involving H. hydrochaeris hosts and A. sculptum vectors 6 , to eliminate the etiological agent from an endemic area, a sustained reduction of 80% of the capybara's birth rate is necessary, which can result in the disappearance of the infected individuals by the 4 th year. Moreover, if a 90% birth rate decrease could be achieved, infected capybaras and ticks would also cease to exist by the 2 nd year 6 . Furthermore, based on the nextgeneration matrix approach, elements corresponding to the number of infected attached nymphs and adult ticks produced by an infected capybara and vice versa have been identified as critical contributors to changes in the basic reproduction number (R 0 ≈1.7) 7 . Additionally, high-risk seasons correspond to the nymph (July to October) and adult (October to March) stages of the tick, indicating that preventive strategies must be planned accordingly, namely, from April to July or during the larvae season.
As described, the capybara's migration plays an important role in BSF dissemination. Thus, to prevent migration, the chosen population control must achieve a minimum of 58% birth rate reduction. Although this would not eliminate the disease, it would prevent R. rickettsii from spreading outside an endemic area. Using hyperspectral moderate-resolution satellite imagery, capybara's migration has been shown to be associated with the widespread sugarcane plantations 1 , and these areas, in turn, have been associated with high-risk areas for BSF. Accordingly, capybara's migration can be predicted, while risk areas for human BSF can be identified. Correlating this pattern with the reported distribution of BSF in humans , the host mobility model confirmed that regions with high density of sugarcane has a higher BSF dissemination velocity 2 , and consequently efforts on population control should be focused on these high-risk (sugar cane) areas.
In this context, to eliminate capybara conflicts including their influence on disease propagation, their migration and birth rate must be controlled. However, any intervention involving direct manipulation of the target animal is influenced by ethical, economic, logistical, and legal concerns. Specifically, environmental laws protect native fauna from being hunted (Federal Law, Brazilian Fauna Protection Act, 1967), and any population control efforts are limited in Brazil. For this reason, several wildlife population control concepts are being evaluated, such as strategies that indirectly influence their birth rate and migration by affecting an area's carrying capacity. For example, sugar cane plantations, one of São Paulo's principal crop production areas close to water bodies, are likely to be raided by animals. Knowing that capybaras are usually found a few hundred meters away from the water bodies 8 , one approach could be the delimitation of movement through riparian reforestation, a natural barrier, respecting a perimeter far enough from water resources, to hinder their access to the food supply. However, a reported mean dispersal distance of 3366 m for capybara 9 might make this strategy less feasible.
Another strategy involves the relocation or translocation of capybaras to an area of less potential conflict. This is a valuable technique for conservation efforts of threatened taxa; yet, when it comes to synanthropic capybaras, this practice is less recommended, as it brings more problems than solutions, especially epidemiologically, considering that one single infected individual, with a minimum of one attached tick, is enough to trigger BSF in a non-endemic area 1 . In addition, susceptible animals may be introduced into an infected area, thus, aiding the maintenance of an etiological agent within a population, given the long-term survival of unfed ticks 9 . An alternative concept is based on a direct control strategy, which manipulates the animal's reproduction capacities (sterilization). A myriad of wildlife contraceptive methods are available and is categorized into three methods: invasive, gonadectomy; less invasive, vasectomy in males or tubal ligation in females; and minimally invasive, chemical contraceptives. Within this approach, either hormone-based or employed immunocontraception is the most common antifertility method 10 . The majority of contraceptive concepts are applied to captive wildlife; however, the options are limited in free-ranging wildlife. Moreover, its "adequacy" is determined by the overall objective, species, and environment. Controlling capybara populations should consider making these hosts infertile for a longer duration and the impact of such interventions on the capybara's polygynous (harem-like) society. Group stability and procreation are driven by the dominant male's alpha attributes, such as secondary sexual characteristics that include a prominent nasal gland and perianal glands for territorial marking, and agonistic conduct (vigilance, fighting), as well as courtship behavior 11 . Contraceptive methods that maintain the alpha male's dominant behavioral and phenotypical characteristics while rendering the animal infertile, are imperative to successfully managing the population growth 11 . Therefore, procedures that preserve the gonad quality to maintain any steroid-dependent characteristics of the male should be chosen. This makes vasectomy the most commonly employed male contraceptive for controlling the capybara population in Brazil. Reproductive control in capybaras through vasectomy and tubal ligation are highly effective techniques in rendering males or females infertile; nevertheless, the logistics (in-the-field execution, competence, and high costs) make these procedures less attractive, especially when required to be performed for larger numbers 12 . Additionally, an injured or sick capybara may potentially distance itself from the group until recuperated 11 . This temporary absence of the alpha male (5-20 days) allows opportunistic solitary males to take over the group, undoing any population control efforts 11 .
As mentioned, capybaras quickly escape into the water when threatened; therefore, prior to intervention, capture and chemical restraint are imperative to avoid death due to drowning. These capture-recovery-release events are cumbersome and time-consuming. Taking all these undesirable factors into consideration, seeking better and more appropriate alternatives become necessary, while respecting the animals' well-being and logistics. Ongoing research for alternative methods led to the concept of an anti-GnRH vaccine, believed to offer most of the desired contraceptive characteristics. This immunocontraceptive, given in a single-dose, is a long-term antifertility vaccine, which has been studied successfully, worldwide, in many species over the last decade 10 .
Briefly, after immunization, the body produces anti-GnRH antibodies, which eventually bind to endogenous GnRH molecules forming a large immunocomplex. This ceases its bioactivity and consequently inhibits the synthesis and liberation of the gonadotropin luteinizing hormone and follicle-stimulating hormone, necessary for gonadal activities 13 (Figure 2) . The overall reported high success rate in several species [13] [14] [15] initiated the very first study using an anti-GnRH vaccine (GonaCon™, APHIS, USDA, Fort Collins, CO, USA) in male and female capybaras. The proposed population control method using a single-dose immunocontraception has been successfully employed in male capybaras, providing a antifertility effect over a 24-month trial 16 . Besides rendering the capybara males infertile, it also preserves their alpha traits such as secondary sexual characteristics and agonistic behavior, attributes that are absolutely imperative for the success of any population strategy for this species. No remarkable adverse effects were reported, except for an abscess formation at the injection site, which is common. The results are corroborated by similar studies conducted in several other species, although a number of conflicting conclusions were observed regarding its impact on the male's agonistic behavior and secondary sexual characteristics 17 . This invites the hypothetical question: Is this a species-specific response?
In conclusion, human-wildlife conflicts are inevitable as the human population continuously grows, expanding their living spaces and activities. Consequently, threats to human health, especially vector-borne zoonotic diseases, will also increase; thus, population control of wild, feral, and synanthropic animals must be addressed. Each circumstance, environment, and species require a specific plan to manage their populations.
